Introduction
Schwann cells undergo phenotypic modulation during development and in response to injury. When nerve injury occurs in newborn animals, immature Schwann cells undergo apoptosis because they depend on survival factors released from axons such as ␤-neuregulin (Jessen and Mirsky, 2005) . The low-affinity neurotrophin receptor, p75 NTR , which is activated by nerve growth factor, mediates immature Schwann cell death in axotomy (Syroid et al., 2000) . The proinflammatory cytokine, tumor necrosis factor-␣ (TNF-␣), also promotes immature Schwann cell death (Boyle et al., 2005) .
As the peripheral nerve matures, Schwann cells form relationships with axons and acquire the ability to ensure their own survival by generating autocrine survival circuits. In the adult rat, sciatic nerve axotomy does not induce Schwann cell death (Grinspan et al., 1996) . Implicated autocrine survival factors include platelet-derived growth factor (PDGF), neurotrophin-3, and insulin-like growth factor-II (Meier et al., 1999) .
The low-density lipoprotein receptor-related protein-1 (LRP-1) is a member of the low-density lipoprotein (LDL) receptor gene family expressed by multiple cell types, including neurons and astrocytes (Moestrup et al., 1992; Wolf et al., 1992) . LRP-1 is synthesized as a 600 kDa transmembrane protein and processed by a furin-like protease into its mature 2-chain form (Willnow et al., 1996) . LRP-1 was initially identified as an endocytic receptor for apolipoprotein E (Kowal et al., 1989 ) and the protease inhibitor ␣ 2 -macroglobulin (Strickland et al., 1990) ; however, over 40 LRP-1 ligands are now known, including proteases, protease inhibitors, growth factors, matrix proteins, and toxins (Strickland et al., 2002) .
The cytoplasmic tail of LRP-1 contains NPXY motifs that bind signaling adaptor proteins, including Shc, JIP, Dab-1, Fe65, and CED-6/GULP (Gotthardt et al., 2000; Kinoshita et al., 2001; Su et al., 2002) . Adaptor protein binding is regulated by tyrosine phosphorylation of the NPXY motifs (Newton et al., 2005) . Binding of Dab-1 to apoER2 and the very low-density lipoprotein (VLDL) receptor, which are related to LRP-1, promotes activation of phosphatidylinositol 3-kinase (PI3K) (Bock et al., 2003) . Binding of JIP to a chimeric receptor that includes the cytoplasmic tail of LRP-1 prevents translocation of activated c-Jun N-terminal protein kinase (JNK) to the nucleus (Lutz et al., 2002) . By regulating cell signaling, LRP-1 may control cell survival. In the mouse, LRP-1 gene deletion is embryonic lethal (Herz et al., 1992) .
In this study, we examined the role of LRP-1 in peripheral nerve injury. We show that LRP-1 is expressed in adult sciatic nerve. In response to nerve injury or locally administered TNF-␣, LRP-1 expression by Schwann cells is substantially increased. Schwann cells in primary culture also express increased LRP-1 in response to TNF-␣. When LRP-1 is silenced in Schwann cells, with siRNA, the activity of the PI3K-Akt pathway is decreased and caspase-3 is activated. The same cells also demonstrate increased cell death in response to serum deprivation or TNF-␣. Inhibiting LRP-1 in the axotomized nerve by direct injection of receptor-associated protein (RAP) promotes Schwann cell death in vivo. We propose that LRP-1 functions as a pro-survival receptor in Schwann cells, capable of regulating neuropathophysiology in the injured peripheral nerve.
Materials and Methods
Antibodies and reagents. TaqMan primers and probes for rat LRP-1, protein 0 (P0), and p75 NTR were designed by Oligo 6.8 software (Molecular Biology Insights, Cascade, CO). Rat cyclophilin primers and probes have been described previously (Macdonald et al., 2001) and were synthesized by Biosearch Technologies (Novato, CA). Primers and probes for mouse LRP-1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from ABI (Foster City, CA). ␤-actin monoclonal antibody was purchased from Sigma (St Louis, MO). Polyclonal antibody that specifically recognizes the cleaved, activated form of caspase-3 was purchased from Cell Signaling Technologies (Danvers, MA). Monoclonal antibody 11H4, which recognizes the 85 kDa LRP-1 light chain, was purified from conditioned medium of the hybridoma available from the American Type Culture Collection (ATCC; Manassas, VA). Polyclonal antibody that recognizes the axoplasm marker, protein gene product 9.5 (PGP-9.5), was purchased from Chemicon (Temecula, CA). Recombinant TNF-␣ was from R & D Systems (Minneapolis, MN). The PI3K inhibitor, LY294002, was purchased from Calbiochem (La Jolla, CA). Affinitypurified polyclonal antibody that specifically recognizes the phosphorylated form of Akt was purchased from Promega (Madison, WI). Mouse monoclonal antibody that detects total Akt was purchased from Upstate Biotechnologies (Lake Placid, NY). Murine embryonic fibroblasts (MEFs) that are genetically deficient in LRP-1 (MEF-2 cells) and LRP-1-positive MEFs [pseudomonas exotoxin A (PEA)-10 cells], which were cloned from the same MEF culture heterozygous for LRP-1 gene disruption, after selection with pseudomonas exotoxin A, were obtained from the ATCC (Willnow and Herz, 1994) . RAP was expressed as a glutathione-S-transferase fusion protein (GST-RAP) as described previously (Herz et al., 1991) . GST-RAP functions as an antagonist of LRP-1 ligand binding (Strickland et al., 2002) . As a control, we expressed GST in bacteria transformed with the empty vector, pGEX-2T. GST-specific antibody was from Amersham (Piscataway, NJ).
Nerve injury model systems. Adult female Sprague Dawley rats (250 g), neonatal rats (20 g) from Harlan Laboratories (San Diego, CA), TNF-␣ gene knock-out mice in the B6;129SF2/J genetic background (20 g), wildtype mice in the B6;129SF2/J genetic background; TNF receptor I (TNFRI) gene knock-out mice in the C57BL/6J genetic background (20 g); TNFRII gene knock-out mice in C57BL/6J genetic background; and wild-type C57BL/6J mice were housed in pairs with a 12 h light/dark cycle and ad libitum access to food and water. Adult rats and mice were anesthetized with isoflurane (IsoSol; VedCo, St. Joseph, MO) during surgeries and were killed by intraperitoneal injection of an overdose of anesthetic mixture containing ketamine (60 mg/kg; Phoenix Scientific, St Joseph, MO), xylazine (6.4 mg/kg; Boerhinger Pharmaceutical, St. Joseph, MO), and acepromazine (1.2 mg/kg; Fermenta, Animal Health, Kansas City, MO). Neonatal animals were anesthetized in an ice-water bath as described previously (Grinspan et al., 1996) . All procedures were performed according to protocols approved by the University of California, San Diego, and the Veterans Affairs Healthcare System Committee on Animal Research, and conform to the National Institutes of Health Guidelines for Animal Use.
Sciatic nerve crush injury experiments were performed in adult rats. Nerves were crushed twice for 2 s at the sciatic nerve notch using flat forceps, as described previously . Nerve tissue distal to the injury site (0.5 cm) and L5 dorsal root ganglion (DRG) were collected at 0, 1, 7, and 14 d after injury. Naive nerve and L5 DRG were collected from control animals that underwent sham operation.
In chronic constriction injury (CCI) experiments, TNF-␣Ϫ/Ϫ, TNFRIϪ/Ϫ, TNFRIIϪ/Ϫ, and control mice were studied. The sciatic nerve was exposed unilaterally at the mid-thigh level. Three 4.0 chromic gut ligatures were placed around the nerve with 1 mm spacing. The ligatures were tied until they just slightly constricted the diameter of the nerve (Bennett and Xie, 1988 ) and a short twitch was seen in the respective hind limb. This caused a 50% reduction in nerve blood flow and Wallerian degeneration (Myers et al., 1993) . In some experiments, 2 l of TNF-␣ (1.0 M) or vehicle was injected immediately into the CCI site before tightening the ligatures. The muscle layer was closed using a silk suture and the skin was closed using surgical staples. At 1 and 3 d after injury, 1 cm of nerve tissue was collected, which included the injury site and tissue distal to the injury site for RNA isolation. As a control, identical mice were subjected to sham operation and naive nerve tissue was collected.
Sciatic nerve axotomy experiments were performed in adult and newborn rats (the day of birth is considered postnatal day 0). In newborn animals, using aseptic technique, the left sciatic nerve was exposed at the sciatic notch and transected with fine scissors. The skin was closed with suture and the pups were resuscitated by warming and then returned to their mothers. The equivalent procedure was performed in adults using standard anesthesia. Pups were killed after 1 or 3 d. Adult rats also were killed after 1 or 3 d. The distal stumps of the axotomized nerves were removed and the most proximal piece (0.5 cm) collected. Contralateral nerve was collected as a control.
For in vivo LRP-1-antagonism experiments, cohorts of three adult rats were injected directly into the sciatic nerve with 5 l of GST-RAP (5 M), GST (5 M), or vehicle (20 mM sodium phosphate, 150 mM NaCl, pH 7.4, PBS). Nerves were subsequently axotomized immediately above the site of injection. After 24 h, animals were perfused through the ascending aorta with 4% paraformaldehyde in PBS. Nerve segments distal to the axotomy sites were collected, postfixed in 4% paraformaldehyde, and processed for paraffin. Sections (10 m) were prepared and analyzed by terminal deoxynucleotidyl transferase (TdT) biotin-dUTP nick-end labeling (TUNEL), using the ApoTag in situ apoptosis detection kit (Chemicon). Slides were counterstained with the nuclear stain, DAPI, and analyzed by immunofluorescence microscopy. In control sections, we omitted TdT and observed no staining.
Primary Schwann cell cultures. Schwann cells were isolated from sciatic nerves of 1-d-old Sprague Dawley rats as described previously (Hiraiwa et al., 1997; Campana et al., 1998) and further selected from fibroblasts using anti-fibronectin antibody and rabbit complement. This resulted in ϳ99% pure Schwann cell cultures as assessed by S100 immunofluorescence, a specific marker of Schwann cells. Primary Schwann cells were maintained in DMEM containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 g/ml streptomycin, 21 g/ml bovine pituitary extract, and 4 M forskolin (complete medium) at 37°C under humidified 5.0% CO 2 . Schwann cell cultures were passaged no more than three to four times before conducting experiments.
LRP-1 gene silencing. Transfection of Schwann cells in culture with siRNA was optimized by simultaneous introduction of pMAX-green fluorescent protein (GFP) (2 g) and GFP-specific duplex siRNA. Cellular uptake was achieved by electroporation using the Rat Neuron Nucleofector Kit (Amaxa, Gaithersburg, MD). In the absence of siRNA, 55% of the living cells expressed GFP, as determined by fluorescence microscopy. GFP-specific siRNA (25 nM) silenced GFP expression in 95% of the cells. Rat LRP-1-specific siRNAs and pooled nontargeting control (NTC) siRNA were purchased from Dharmacon (Chicago. IL). The LRP-1-specific siRNAs included: L1 (sense sequence, GCAUUGGCGUG-CAGCUUAAUU); L2 (CGAGCGACCUCCUAUCUUUUU); and L3 (GACCAGUGUUCUCUGAAUAUU). Primary cultures of Schwann cells (1 ϫ 10 6 ) were transfected with LRP-1-specific siRNAs (L1-L3; 25 nM) or with NTC siRNA (25 nM), using the method determined with GFP-specific siRNA. LRP-1 knock-down was determined by real-time qPCR and by RAP ligand blotting, as described below.
Cell death studies. Primary Schwann cells and MEFs were plated at 10,000 cells per well in 96-well plates in complete medium. Cells were cultured overnight in complete medium. The cells were then either retained in complete medium, re-equilibrated in DMEM containing 0.5% FBS, or treated with TNF-␣ in medium supplemented with 0.5% FBS for 18 h. Cell death was measured using the cell death ELISA (Roche, Indianapolis, IN), a colorimetric assay that measures the amount of histoneassociated DNA fragmentation .
TaqMan real-time qPCR. DNA-free total RNA was extracted from frozen nerve tissue and cells in culture using TriZol, as directed by the manufacturer (Invitrogen, Carlsbad, CA). Samples were purified and treated with DNase. cDNA was synthesized using the ProSTAR firststrand reverse transcriptase-PCR kit (Stratagene, San Diego, CA). Expression of target genes, including rat LRP-1, P0, p75 NTR , and mouse LRP-1, was measured by quantitative PCR (qPCR) (MX4000, Stratagene) using a one-step program: 95°C, 10 min; 95°C, 30 s; 60°C, 1 min for 40 cycles. Cyclophillin or GAPDH gene expression was used as the normalizer for each sample. We and others (MacDonald et al., 2001; Li et al., 2005; Shubayev et al., 2006) have determined previously that both cyclophillin and GAPDH are appropriate and relatively stable housekeeping genes after nerve injury. TaqMan 2X qPCR master mix was purchased from Applied Biosystems (Foster City, CA). Samples without cDNA were analyzed as "no template" controls. Samples were also studied without previous treatment with reverse transcriptase to confirm the absence of contamination with genomic DNA. Samples were quantified using the comparative Ct method (Livak and Schmittgen, 2001 ). Threshold cycle (Ct) values (where the increase in fluorescence is exponential) for target genes were normalized to Ct values for housekeeping genes. The calibrator group (naive or unstimulated cells) was used to determine relative abundance. Data analysis was accomplished using software associated with the Stratagene MX4000, as described previously (Pfaffl, 2001) .
Immunoblot analysis and RAP ligand blotting. Protein extracts were prepared from cell cultures or nerve tissue as described previously (Campana et al., 1999; Campana and Myers, 2003) . The protein content of each extract was determined by bicinchoninic acid assay (Pierce, Rockville, MD). Equal amounts of cellular protein (35 or 50 g) were subjected to SDS-PAGE and electrotransferred to nitrocellulose membranes. Blots were probed with primary antibodies to detect the light chain of LRP-1 (85 kDa), activated caspase-3, phosphorylated Akt, and total Akt. Antibody binding was detected by HRP-conjugated species-specific secondary antibodies followed by enhanced chemiluminescence (Amersham). In other studies, blots were probed with 0.1 M GST-RAP for 1 h at 22°C, to detect RAP-binding members of the LDL receptor family, including LRP-1 and the VLDL receptor, and then with GST-specific antibody.
Immunohistochemistry and microscopy. Heavily anesthetized animals were perfused with fresh 4% paraformaldehyde containing 0.1 M phosphate buffer. Tissues were removed, post-fixed overnight in perfusate, and processed for paraffin embedding (Campana and Myers, 2001 ). Paraffin sections were cut (10 m) and incubated with antigen retrieval (Dako, High Wycombe, UK) for 5 min at 95°C, and then for 20 min at room temperature. Nonspecific antibody binding was blocked with 10% normal mouse serum. Primary antibodies (anti-rat LRP-1 monoclonal antibody or mouse IgG) were incubated overnight at 4°C in 0.1% heattreated horse serum. Slides were rinsed in PBS and subsequently incubated for 1 h with biotinylated HRP-conjugated anti-mouse or goat antibodies (ABC; Vector Laboratories, Burlingame, CA). Sections were developed with 3Ј3 diaminobenzidine and counter-stained with methyl green. Some sections were treated only with secondary antibody as a control.
For double-labeling immunofluorescence studies, tissue sections were treated with 0.5% sodium borohydride in 1% dibasic sodium phosphate buffer for 5 min, rinsed, and placed in antigen retrieval for 5 min at 95°C, as described previously . Nonspecific binding was blocked with 5% goat serum for 1 h at 22°C. The first primary antibody (polyclonal anti-PGP-9.5; 1:2000) was incubated with the sections for 1 h at 22°C. The sections were then rinsed and incubated with goat antirabbit antibody-Alexa 564 conjugate (red) for 1 h at 22°C. The second primary antibody, monoclonal antibody 11H4 (1:20) was then incubated with the sections overnight at 4°C. Slides were rinsed in PBS containing 0.1% Tween 20 and subsequently incubated with goat anti-mouse antibody-Alexa 488 conjugate (green) for 1 h at 22°C. Finally, the nuclear stain, DAPI (1:20,000), was incubated with each slide for 5 min. Control sections were treated equivalently, but without one primary antibody to assure that immunofluorescence was specific. Imaging was performed using a Leica (Nussloch, Germany) fluorescence microscope and Open Lab software.
Data and statistical analysis. In cell culture experiments, replicates always refer to separate experiments, typically performed with internal duplicates. Animal model experiments were performed using coded animal numbers to avoid observer bias. Data from qPCR studies, immunoblots, in situ TUNEL assays, and cell death assays were subjected to ANOVA. Tukey's or Kramers-Neuman-Keuls post hoc analysis was used to assess the differences between treatment groups. In some cases, data from siRNA studies or knock-out mice studies were analyzed by a t test.
Results

LRP-1 expression in injured sciatic nerve
To determine whether LRP-1 is expressed in adult sciatic nerve and the cell types that may be involved, we initially performed immunohistochemistry experiments. We used monoclonal antibody 11H4, which recognizes the 85 kDa LRP-1 light-chain (Wu and Gonias, 2005) . In control experiments, we demonstrated intense 11H4 immunopositivity in rat liver, where LRP-1 is known to be abundant (Ling et al., 2004) , and no staining in heart, which is known to be LRP-1-negative (Moestrup et al., 1992 ) (data not shown). Figure 1 A shows that in naive, uninjured sciatic nerve, LRP-1 immunoreactivity was most intense in the axoplasm. LRP-1 was also detected, but to a much lesser extent, in association with myelinating Schwann cells (solid arrows point to Schwann cell crescents).
Adult rats were subjected to sciatic nerve crush injury. LRP-1 expression in the distal segment, adjacent to the crush injury, was examined 1 and 3 d later. At both time points, Schwann cell crescents (arrows and insets) showed substantially increased LRP-1 immunopositivity (Figs. 1 B, C) . In the same time period, LRP-1 immunopositivity became less abundant in deteriorating axoplasm. Figure 1 D shows that immunoreactivity was not detected when the primary antibody (11H4) was omitted. In an additional control experiment, we demonstrated that LRP-1 immunohistochemistry was not changed by crush injury in contralateral nerves (data not shown).
To confirm that LRP-1 immunopositivity localizes to Schwann cells after sciatic nerve crush injury, we performed double-labeling immunofluorescence microscopy studies. Sections from injured nerve were immunostained to detect axoplasm (red), using PGP-9.5-specific antibody, and to detect LRP-1 (green), using antibody 11H4. Figure 1 E shows representative images of Schwann cells in association with axoplasm. LRP-1 was detected primarily in cytoplasmic crescents surrounding PGP-9.5-positive areas. The irregular shapes of the PGP-9.5-staining areas suggest axoplasm deterioration. Overlaying of the fluorescent images demonstrated that trace levels of LRP-1 may have been associated with the PGP-9.5-positive axoplasm; however, the majority of the LRP-1 did not colocalize. These results support the hypothesis that in injured sciatic nerve, LRP-1 is expressed primarily by Schwann cells and to a lesser extent by axons. Although macrophages, which infiltrate injured nerve, may express LRP-1 (Moestrup et al., 1992) , macrophages are not prevalent in the endoneurium until more than 3 d after injury (Stoll et al., 2002) .
Next, we performed immunoblot analysis using antibody 11H4 to detect LRP-1 in extracts of naive sciatic nerve and distal nerve segments after crush injury. Immunoblot analysis provides a semiquantitative method for determining the total level of LRP-1 in a tissue, without distinguishing the cellular source. As shown in Figure 1 F, LRP-1 was readily detected before and after injury. Densitometry analysis of the LRP-1 bands, standardized against ␤-actin, showed that the total level of LRP-1 was decreased by 42 Ϯ 4% at day 3, as might be predicted by the immunohistochemistry; however, the residual LRP-1 after nerve injury suggested that the increase in Schwann cell LRP-1 partially offsets the decrease observed in axoplasm.
Schwann cells comprise 90% of the nucleated cells in the uninjured endoneurium (Asbury and Johnson, 1978 ). Because of the low level of mRNA in axoplasm, Schwann cells are responsible for the majority of the mRNA recovered from the peripheral nerve. To confirm our hypothesis that LRP-1 is upregulated in Schwann cells in vivo after peripheral nerve injury, we examined LRP-1 mRNA by qPCR. Rat LRP-1 TaqMan probes and primers were designed. These probes and primers amplified a single band with the anticipated size (68 bp) in adult rat nerve (Fig. 2 A, lane 1) . The identical band was observed when we amplified cDNA from rat liver (data not shown), a known source of abundant LRP-1 (Ling et al., 2004) . In the absence of template, there were no bands and no evidence of primer dimers (lane 3).
When adult rat sciatic nerve was subjected to crush injury, LRP-1 mRNA increased more than fourfold in the distal nerve stump within 1 d ( p Ͻ 0.01) (Fig.  2 B) . The amount of LRP-1 mRNA subsequently decreased; however, the level remained significantly elevated compared with that present in the uninjured (naive) nerve for at least 7 d ( p Ͻ 0.05). In these experiments, rat cyclophillin was used to normalize LRP-1 mRNA levels and naive nerve was used as a calibrator to determine relative abundance. LRP-1 mRNA was not regulated in L5 DRG (Fig. 2C) , suggesting that LRP-1 is specifically regulated at the injury site. LRP-1 mRNA also was not regulated in the contralateral nerve (data not shown). The increase in LRP-1 mRNA distal to the site of peripheral nerve injury supports our model in which LRP-1 is selectively upregulated in Schwann cells.
TNF-␣ regulates LRP-1 expression in chronic constriction injury
To further test the effects of peripheral nerve injury on LRP-1 expression, we used a second nerve injury model system, CCI.
This model differs from crush injury in that the axons are less uniformly damaged. Therefore, axonal degeneration and regeneration occurs without the same degree of synchrony, as is described in crush injury. CCI has a greater inflammatory component than crush injury and ischemia contributes to the pathology observed (Bennett and Xie, 1988; Myers et al., 1993; . Our experiments were performed in mice instead of Figure 1 . LRP-1 immunohistochemistry and protein levels in adult rat sciatic nerve. LRP-1 protein expression was studied by immunohistochemistry using antibody 11H4, which recognizes the LRP-1 85 kDa light chain. A, Uninjured nerve. B, C, Sciatic nerve that was subjected to crush injury is shown 1 d (B) and 3 d after injury (C) . D, This photomicrograph shows injured nerve in which primary antibody was omitted. Photomicrographs were prepared at 1000ϫ magnification and are representative of n ϭ 4/group. Scale bar, 45 m. Insets are magnified images of myelinated axons with surrounding Schwann cell cytoplasm. The black arrows demarcate Schwann cell cytoplasm that is increasingly immunopositive for LRP-1 after injury. E, Double-labeling immunofluorescence for LRP-1 (green) and PGP-9.5 (red). Nuclei are marked with DAPI (blue). The two representative fields show distal nerve 3 d after crush injury. Photomicrographs were prepared at 1000ϫ magnification and are representative of n ϭ 6/group. Merged images are shown at the bottom. F, LRP-1 protein in nerve extracts was determined by immunoblot analysis using antibody 11H4. SDS-PAGE was conducted using 35 g of protein extract from uninjured nerve (day 0) and from injured nerve, 1 and 3 d after crush injury. The same extracts were probed for ␤-actin. Densitometric analysis of the ratio of LRP-1 to ␤-actin in naive and injured nerve is also shown (n ϭ 3/group). *p Ͻ 0.05. rats, allowing us to test whether TNF-␣ regulates LRP-1 expression by comparing wild-type and TNF-␣ gene knock-out mice. It has been suggested that TNF-␣ orchestrates many of the changes in cell physiology observed in the injured peripheral nerve (Wagner and Myers, 1996; Shamash et al., 2002; Campana et al., 2006) .
Wild-type and TNF-␣ gene knock-out mice, in the same genetic background (B6;129SF2/J), were subjected to CCI. Mouse LRP-1 mRNA was measured distal to the injury site. GAPDH was also measured, as a normalizing control. Uninjured (naive) mouse nerve was used as a calibrator to determine relative mRNA abundance. Figure 3A demonstrates that LRP-1 mRNA increased significantly, by approximately fourfold and 25-fold on days 1 and 3, respectively, after initiation of CCI injury in wild-type mice. In the TNF-␣Ϫ/Ϫ mice, LRP-1 mRNA levels also increased; however, the increase was delayed and significantly decreased in magnitude. No significant change in LRP-1 mRNA was observed in the contralateral nerve in wild-type or TNF-␣Ϫ/Ϫ mice. When TNF-␣ was injected directly into the CCI site (2 l, 100 ng of solution) in TNF-␣Ϫ/Ϫ mice, LRP-1 was increased ninefold within 1 d, demonstrating rescue of the response. The TNF-␣ vehicle (0.1% bovine serum albumin in PBS) did not significantly affect LRP-1 mRNA expression in either TNF-␣Ϫ/Ϫ or wild-type mice. These results and the results of our crush injury experiments demonstrate that LRP-1 is increased in two separate models of peripheral nerve injury, in mice and in rats. The increase appears to be mediated primarily by TNF-␣; however, when TNF-␣ is deficient, other mediators also may increase LRP-1 expression in a delayed manner.
To further explore the activity of TNF-␣ in regulating LRP-1 expression, we executed CCI experiments in TNFRIϪ/Ϫ and TNFRIIϪ/Ϫ mice. As a control, we examined wild-type mice in the same genetic background. Figure  3B shows that the increase in LRP-1 mRNA 1 d after initiating CCI in wild-type mice in the C57BL/6J genetic background was approximately eightfold, which is somewhat greater than that observed in the B6;129SF2/J genetic background (Fig. 3, compare  A, B) . The increase in LRP-1 mRNA was significantly dampened in the TNFRIIϪ/Ϫ mouse. A smaller change in LRP-1 mRNA expression was observed in the TNFRIϪ/Ϫ mouse, which was not statistically significant.
LRP-1 expression in developing nerve
Peripheral nerves become myelinated during the first 1-2 weeks after birth. This is accompanied by expression of P0, a marker of the myelinated phenotype. Neonatal Schwann cells lack established autocrine circuits and, thus, are susceptible to cell death after denervation (Jessen and Mirsky, 2005) . Figure 4 A shows that LRP-1 mRNA increased significantly over the first 7 d after birth, at the same time that P0 mRNA increased. Thus, LRP-1 expression may increase with maturation of Schwann cells.
Because it is difficult to execute other forms of sciatic nerve injury in newborn rats, the pups were subjected to axotomy. LRP-1 mRNA was measured in 1 mm nerve segments immediately adjacent to the distal side of axotomy. As shown in Figure  4 B, LRP-1 mRNA failed to increase 1 or 3 d after injury. As a positive control, we showed that p75 NTR mRNA was substantially increased in the same tissue specimens, as anticipated (Grinspan et al., 1996; Syroid et al., 2000) .
Our axotomy results with rat pups suggested that Schwann cell LRP-1 expression may increase in response to injury exclusively in adult animals and not in newborns that have incompletely differentiated Schwann cells. To confirm that the absence of LRP-1 regulation was caused by the age of the animals and not the model system applied (axotomy vs crush injury or CCI), we performed axotomy experiments in adult rats. Figure 4C shows that LRP-1 was significantly increased 3 d after axotomy in the distal stump of adult nerves. p75
NTR mRNA also was increased in the same nerve specimens (Fig. 4 D) . LRP-1 mRNA is increased in adult rat distal sciatic nerve after crush injury. A, cDNA prepared from adult nerve (1 g) was amplified by qPCR and subjected to 4% agarose gel electrophoresis in lane 1. The LRP-1 primers amplified a band with the anticipated 68 bp size. Lane 2 shows a 25 kb DNA ladder (100 ng). Lane 3 shows the "no template" control. Ethidium bromide was used to detect DNA. B, LRP-1 mRNA levels in the sciatic nerve, distal to the crush injury site, were determined by qPCR, 1, 7, and 14 d after injury. Results are compared with naive (uninjured) sciatic nerve. C, LRP-1 mRNA in the L5 DRG, ipsilateral to the injury site, was determined by qPCR and standardized against LRP-1 in naive L5 DRG. The results were analyzed by one-way ANOVA comparing each day to the uninjured tissue (day 0). *p Ͻ 0.05; **p Ͻ 0.01 (n ϭ 5/group). Error bars indicate SEM. Figure 3 . Regulation of LRP-1 mRNA expression in injured nerves in TNF-␣Ϫ/Ϫ mice, TNFRIϪ/Ϫ mice, and TNFRIIϪ/Ϫ mice. A, TNF-␣Ϫ/Ϫ and wild-type (WT) mice were subjected to CCI. In some animals, TNF-␣ (100 ng) or vehicle was injected directly into the CCI site. LRP-1 mRNA was determined by qPCR 1 or 3 d post-CCI (n ϭ 3-5/group). Statistical analysis (t test) was performed comparing LRP-1 mRNA in wild-type and TNF-␣Ϫ/Ϫ mice on the same day (mean Ϯ SEM; *p Ͻ 0.05; **p Ͻ 0.01; # comparison between TNF-␣ and vehicle injected TNF-␣Ϫ/Ϫ mice). B, CCI was induced in TNFRIϪ/Ϫ, TNFRIIϪ/Ϫ, and in WT mice of the same genetic background. mRNA levels were determined by qPCR using GAPDH as a normalizer. WT, n ϭ 9; TNFRIϪ/Ϫ and TNFRIIϪ/Ϫ, n ϭ 4 -5. All results are expressed as the fold increase compared with uninjured, contralateral nerve (mean Ϯ SEM; *p Ͻ 0.05).
Schwann cell LRP-1 protects against cell death in vitro
To further study regulation of LRP-1 expression and the activity of LRP-1 in Schwann cells, we established rat Schwann cell primary cultures. Previous studies indicate that primary cultures represent an appropriate model of Schwann cell physiology in the denervated distal stump of injured nerves (Jessen et al., 1990) . Early passage (Ͻ5) Schwann cells in culture were treated with various concentrations of TNF-␣ for 6 h. LRP-1 mRNA was measured by qPCR. Although LRP-1 mRNA was readily detected in Schwann cells maintained in complete medium, transfer to 0.5% FBS and treatment with TNF-␣ significantly increased LRP-1 mRNA expression (Fig. 5) . At TNF-␣ concentrations of 25 ng/ml or higher, the increase in LRP-1 mRNA was Ͼ50-fold ( p Ͻ 0.01).
To study the function of LRP-1 in Schwann cells in primary culture, we applied a gene-silencing approach. Schwann cells were transfected with a battery of candidate rat LRP-1-specific siRNAs or with NTC siRNA. As shown in Figure 6 A, siRNA L1 decreased LRP-1 mRNA by 95% within 24 -48 h. siRNA L2 and L3 decreased LRP-1 mRNA by ϳ90%. No change in LRP-1 mRNA was observed in cells that were transfected with NTC siRNA.
To confirm that LRP-1-silencing was achieved at the protein level as well as at the mRNA level, we studied cultures transfected with siRNA L1 or with NTC siRNA by RAP ligand blotting. This method detects LRP-1 and other members of the LDL receptor gene family (Williams et al., 1992; Medh et al., 1995) . Figure 6 B shows that a major band at ϳ500 kDa, consistent with the known mass of the LRP-1 heavy chain, was silenced by siRNA L1. The same band was unaffected by NTC siRNA. A second faint band with an apparent mass of 110 kDa was also detected, consistent with the known mass of the VLDL receptor (Strickland et al., 2002) . This band was not significantly affected by siRNA L1 or NTC siRNA. As an additional control for load, we demonstrated equivalent levels of ␤-actin in the cell extracts that were probed by RAP ligand blotting.
Schwann cells in which LRP-1 was silenced, with either siRNA L1 or siRNA L2, and cells that were transfected with NTC siRNA, were cultured in 0.5% FBS-containing medium, with or without TNF-␣. The incubations were initiated 24 h after introducing siRNA and allowed to progress for 18 h. Cell death was determined by the cell death ELISA, which detects intracytoplasmic oligonucleosomes. The extent of cell death was compared with that observed in untransfected cultures that were maintained in 10% FBS-supplemented (complete) medium. Cell death was not affected by the siRNAs when the cultures were maintained in complete medium (data not shown); however, when the cultures were transferred to medium that contained 0.5% FBS, a significant increase in cell death was observed (Fig. 6C) . Cell death was increased further by TNF-␣. The increase in cell death caused by serum deprivation or TNF-␣ was comparable for untransfected cells and cells transfected with NTC siRNA. In contrast, Schwann cells in which LRP-1 was silenced with either siRNA-L1 or siRNA-L2 demonstrated significantly increased cell death both in 0.5% FBS and after treatment with TNF-␣. These results demonstrate that LRP-1 protects Schwann cells in culture from cell death induced by serum deprivation or by TNF-␣. NTR mRNA levels were determined in the injured distal nerve 1 and 3 d after axotomy. C, Adult rats were subjected to sciatic nerve axotomy. LRP-1 mRNA was determined in the distal segment 1 and 3 d after axotomy and compared with the level in uninjured nerve (naive). D, p75
NTR mRNA was determined in the distal segments of axotomized adult sciatic nerves. All results (n ϭ 4 -5/group) were expressed as mean Ϯ SEM and were analyzed by ANOVA. *Significant difference ( p Ͻ 0.05) between the marked bar and either day O (A) or uninjured nerve (C, D). **Significance at the p Ͻ 0.01 level. 
LRP-1-dependent pro-survival cell signaling in Schwann cells
The PI3K-Akt pathway activates pro-survival signaling proteins in the cell (Brunet et al., 2001; Anitha et al., 2006) . Previous studies indicate that receptors in the LDL receptor family may activate PI3K (Bock et al., 2003) . To determine whether LRP-1 regulates the PI3K-Akt pathway in Schwann cells, we determined phosphorylated Akt (pAkt) and total Akt in cultured Schwann cells in which LRP-1 was silenced with siRNA-L1. Control cells were transfected with pooled NTC siRNA or not transfected. All three cell populations were cultured in 0.5% FBS-containing medium for 18 h. Cell extracts were prepared and Akt phosphorylation was determined by immunoblot analysis. As shown in Figure  7A , pAkt was equivalent in the untransfected cells (U) and in the cells that were transfected with pooled NTC siRNA. In contrast, Schwann cells, in which LRP-1 was silenced, demonstrated almost undetectable levels of phosphorylated Akt.
To further test our hypothesis that LRP-1 functions as a prosurvival receptor in Schwann cells, we determined levels of activated caspase-3 in Schwann cells that were transfected with siRNA-L1 or with NTC siRNA (Fig. 7B ). Caspase-3 is an executioner caspase that functions downstream of the intrinsic and extrinsic death pathways (Thorburn, 2004) . Cells were maintained in 10% FBS (C), exposed to 0.5% FBS (L), treated with TNF-␣ (T), or treated with the pharmacological PI3K inhibitor, LY294002 (LY), in 10% FBS for 3 h. Activated caspase-3 was determined by immunoblot analysis, using an antibody that detects only the cleaved, activated form. Under all three treatment conditions, activated caspase-3 was increased in LRP-1-silenced cells. The increase in activated caspase-3 was least pronounced with LY294002, which was anticipated because the level of activated PI3K is already decreased in LRP-1-silenced cells. were loaded in each lane. The same blots were probed for ␤-actin by immunoblot analysis as a loading control. C, Schwann cells in which LRP-1 was silenced with L1 or L2 and cells that were transfected with NTC siRNA were exposed to medium supplemented with 0.5% FBS, with or without TNF-␣, for 18 h. Cell death was monitored by the cell death ELISA. Data (n ϭ 4) are expressed as mean Ϯ SEM. Cells in which LRP-1 was silenced with L1 or L2 and exposed to 0.5% FBS or TNF-␣ demonstrated significantly increased cell death (*p Ͻ 0.05 or **p Ͻ 0.01, respectively) compared with cells that were transfected with NTC siRNA and exposed to 0.5% FBS or TNF-␣. A, Schwann cells that were untransfected (U), transfected with pooled nontargeting control siRNA (NTC), or transfected with LRP-1 specific siRNA L1 (L1) were transferred into 0.5% FBSsupplemented medium for 18 h. pAkt and total Akt were determined by immunoblot analysis (n ϭ 4/group). B, Schwann cells were maintained in 10% FBS-supplemented medium (C), transferred to 0.5% FBS-supplemented medium (L), treated with TNF-␣ (50 ng/ml) in 0.5% FBS (T), or treated with 20 M LY294002 in 10% FBS (LY) for 3 h. Activated caspase-3 was detected by immunoblot analysis (n ϭ 3/group). In the bottom, we probed for ␤-actin as a loading control.
To verify our results regarding the function of LRP-1 as a pro-survival receptor in a model of complete LRP-1 deficiency, we compared MEFs that are genetically deficient in LRP-1 (MEF-2 cells) with LRP-1-positive MEFs (PEA-10 cells). These clones were selected from the same original culture (Willnow and Herz, 1994) . Both cell types were exposed to low concentrations of TNF-␣ (0.1-1.0 ng/ml) in 0.5% FBS-containing medium. Cell death was determined by the cell death ELISA. As shown in Figure 8A , the low concentrations of TNF-␣ failed to induce PEA-10 cell death; however, substantial MEF-2 cell death was observed. When the TNF-␣ concentration was increased to 50 ng/ml, PEA-10 cell death was observed as well, as anticipated (data not shown).
Next, we examined Akt phosphorylation and caspase-3 activation in the LRP-1-expressing and -deficient MEFs. PEA-10 and MEF-2 cells were cultured for 15 min or 18 h in 0.5% FBScontaining medium. As shown in Figure 8 B, phosphorylated Akt was substantially higher in the LRP-1-expressing MEFs at both time points. Figure 8C shows that activated caspase-3 was increased in the LRP-1-deficient MEF-2 cells, compared with PEA-10 cells, when the cultures were maintained in 0.5% FBScontaining medium, treated with TNF-␣, treated with LY294002, or treated with TNF-␣ in combination with LY294002. Thus, absolute LRP-1 deficiency in MEFs generates the equivalent perturbations in cell signaling that are observed in Schwann cells, in which LRP-1 is silenced with siRNA.
Antagonizing LRP-1 with the competitive inhibitor RAP increases apoptosis in distal stumps of axotomized nerves To test whether LRP-1 functions as a Schwann cell pro-survival receptor in vivo, we injected GST-RAP or, as a control, GST (5 l of 0.8 M solution) directly into sciatic nerves that were then immediately axotomized. An equivalent volume of vehicle (PBS) was injected as a second control. GST-RAP is an LRP-1 antagonist that binds to the LRP-1 heavy chain and blocks the binding of all other known ligands, including ␣2-macroglobulin, tissuetype plasminogen activator, and urokinase-type-plasminogen activator-PAI-1 complex, which have been reported to regulate LRP-1-dependent cell signaling (Bacskai et al., 2000; Webb et al., 2001; Hu et al., 2006) . Death of nucleated cells within the nerve was examined by TUNEL, 24 h after axotomy, when Schwann cells constitute Ͼ90% of the nucleated cells. DAPI staining was performed to mark nuclei. Figure 9A shows that a significant fraction of the DAPIstained nuclei also stained positively for TUNEL in the GST-RAP-treated nerves. A lower level of TUNEL-positivity was observed in the GST-treated nerves. The results are summarized in Figure 9B . Almost no TUNEL positivity was observed in vehicletreated nerves. GST induced occasional TUNEL-positive cells. In contrast, GST-RAP induced a significant increase in cell death, compared with that observed in vehicle-treated or GST-treated nerves; ϳ20 Ϯ 5% of the nucleated cells detected with DAPI were also TUNEL-positive. As a control, we compared the total number of DAPI-positive nuclei in all of the fields reviewed for TUNEL positivity. The average number of DAPI-stained nuclei/ field was not significantly different in the various treatment groups (data not shown).
Because RAP antagonizes LDL receptor family members other than LRP-1, we isolated protein extracts from uninjured sciatic nerve and subjected these to RAP ligand blotting. Figure 9C shows that a single major band with an apparent mass approximating that of the LRP-1 heavy chain was detected. Other RAPbinding candidates, (Ͼ100 kDa) such as VLDL receptor, were not observed. Although we cannot fully rule out the possibility that RAP induced cell death in axotomized nerve included inhibiting an LDL receptor family member, that was either present in lowabundance or undetected by our RAP ligand-binding experiments, these in vivo studies and our in vitro experiments strongly support a model in which LRP-1 functions as a Schwann cell survival receptor.
Discussion
Survival of adult Schwann cells depends on autocrine signaling circuits, involving factors such as PDGF, neurotrophin-3, and IGF-II (Meier et al., 1999) . Because LRP-1 is a multifunctional receptor (Strickland et al., 2002; Gonias et al., 2004) , binding numerous ligands generated at injury sites and controlling diverse cell-signaling pathways, we initiated experiments to determine whether LRP-1 regulates the response to peripheral nerve injury. In the uninjured nerve, LRP-1 was abundant. After crush injury, the cellular distribution of LRP-1, distal to the injury site, changed. Axonal LRP-1 was less abundant, whereas Schwann cell LRP-1 became more pronounced. Despite the loss of axonal LRP-1 antigen, LRP-1 mRNA in the distal injured nerve increased significantly, reflecting increased expression by Schwann cells. The equivalent result was demonstrated in three distinct model systems (crush, CCI, and axotomy) and in two species (rats and mice). LRP-1 expression was maximally increased at times after injury when Schwann cells are known to be activated (Wagner and Myers, 1996; Campana et al., 2006) and before the period when macrophages are recruited to the endoneurium (Sommer et al., 1995; Stoll et al., 2002) .
LRP-1 expression by Schwann cells in injured nerve was regulated at least in part by TNF-␣ because the increase in LRP-1 post-CCI was significantly abated in the TNF-␣ gene knock-out mouse. Furthermore, direct injection of TNF-␣ into the CCI site in TNF-␣ gene knock-out mice increased LRP-1 expression. We confirmed the ability of TNF-␣ to increase LRP-1 expression in Schwann cells in culture. This is important because TNF-␣ orchestrates many of the programmed events occurring in peripheral nerve injury (Stoll et al., 2002) . The effects of TNF-␣ on LRP-1 expression have not been reported previously. Interferon-␥ shuts down LRP-1 expression in macrophages by regulating transcription (LaMarre et al., 1991; Hussaini et al., 1996) . In the CNS, disorders associated with inflammation increase LRP-1 expression in astrocytes (Rebeck et al., 1993; Lopes et al., 1994) . LRP-1 may facilitate astrocyte activation because the LRP-1 antagonist, RAP, inhibits astrocyte activation in culture (LaDu et al., 2001) .
Our analysis of gene knock-out mice suggested that TNF-␣ regulates Schwann cell LRP-1 expression by activating TNFRII. TNFRII, but not TNFRI, is markedly upregulated in sciatic nerve 1 d after crush injury or CCI (George et al., 2005) . The function of TNFRII is less well understood than TNFRI; however, the former receptor demonstrates mitogenic and proinflammatory activity in the immune response (Carpentier et al., 2004) . TNFRII also has been implicated in neuronal survival (Shen et al., 1997; Yang et al., 2002) . The function of LRP-1 in Schwann cell survival, demonstrated here, and the linkage of TNFRII to LRP-1 expression suggests that TNFRII plays an essential role in glial survival.
The increase in Schwann cell LRP-1 expression in adult nerve injury raised the hypothesis that LRP-1 is involved in autocrine cell-signaling pathways known to promote cell survival. In immature Schwann cells, which are known to die in response to nerve injury, LRP-1 failed to increase, supporting this hypothesis. To test the role of LRP-1 in Schwann cell survival, we first conducted experiments using primary Schwann cell cultures. A genesilencing approach was applied. Greater than 90% silencing was observed, which was important because this allowed us to conduct experiments without applying cell-sorting methods that may be difficult with primary cultures. Cells that were transfected with NTC siRNA served as a control. When cultured in complete medium, LRP-1-deficient Schwann cells appeared normal. No change in morphology or cell death was observed. However, when these cells were subjected to serum withdrawal or treated with TNF-␣, greatly increased cell death was observed. These results suggest that LRP-1 responds to stress and protects Schwann cells in culture from cell death. Because, the protective activity of LRP-1 was observed in response to serum deprivation and TNF-␣, we favored a model in which the pro-survival activity of LRP-1 is generalized and not specific to one apoptosisinducing agent or condition.
LRP-1 regulates cell signaling by binding adaptor proteins that may be involved in activation of enzymes, by sequestering cell signaling proteins and changing their subcellular distribution, and by altering the activity of other cell-signaling receptors, such as the urokinase receptor (Strickland et al., 2002) . By binding Dab-1, receptors that are closely related to LRP-1 have been shown to activate PI3K (Bock et al., 2003) . In this study, we showed that silencing LRP-1 in Schwann cells decreases the basal level of PI3K activity. LRP-1 gene-silencing also increased the level of activated caspase-3, detected in response to serum withdrawal and TNF-␣. These results suggest that the pro-survival activity of LRP-1 may be attributable to activation of the PI3K-Akt pathway. In all of our LRP-1 gene-silencing experiments, we used pooled nontargeting siRNA as a control; however, we recognized that although LRP-1-silencing with siRNA L1 and siRNA L2 was extensive, it was not complete. Furthermore, treating cells with any siRNA (specific or control) involves exposure to transfection reagent. Thus, we considered it very important to confirm our observations regarding LRP-1 and the PI3K-Akt pathway using a second model system in which transfection is not necessary. For this reason, we studied MEFs and demonstrated the (50 g). This blot is representative of results obtained with uninjured nerve extracts from three individual rats. Lane 2 is a positive control in which we subjected extracts of LRP-1-positive PEA-10 cells to RAP ligand blotting. Lane 3 is a negative control in which we subjected LRP-1-deficient MEF-2 cell extracts to RAP ligand blotting. equivalent changes in Akt phosphorylation and caspase-3 activation when LRP-1 was deficient. LRP-1-deficient MEFs also showed increased susceptibility to TNF-␣.
Other mechanisms may exist by which LRP-1 functions in cell survival. In neurons, a chimeric receptor that contains the intracytoplasmic tail of LRP-1 promotes cell survival by preventing translocation of activated JNK to the nucleus (Lutz et al., 2002) . By a similar mechanism, LRP-1 may control expression of the type-3 collagen gene (Gaultier et al., 2006) . Our data do not allow us to rule out a contribution by the JNK pathway or other LRP-1-regulated mechanisms in Schwann cell survival; however, our previous studies and work by others have demonstrated an important role for Akt as an established antiapoptotic signaling molecule required for Schwann cell survival (Campana et al., 1999; Li et al., 2003) . Thus, the role of LRP-1 in controlling the PI3K-Akt pathway is particularly consistent with the current understanding of antiapoptotic signaling in Schwann cells.
Finally, we sought evidence that our hypothesis regarding the function of LRP-1 as a pro-survival Schwann cell receptor is significant in vivo. To accomplish this goal, we injected RAP directly into nerve fascicles immediately before axotomy. RAP binds LRP-1 in vivo and antagonizes the interaction with other ligands; however, RAP itself may be rapidly cleared by LRP-1-mediated endocytosis, which is why we chose local injection over systemic administration (Mettenburg et al., 2002) . RAP caused a significant increase in cell death locally in the endoneurium of severed nerves, as determined by TUNEL; however, the total number of DAPI-positive cells was not significantly altered. Schwann cell proliferation and death are tightly linked during development and after nerve injury (Jessen and Mirsky, 2005) . Thus, it is possible that RAP induced some degree of compensatory Schwann cell proliferation to offset death. Alternatively, the effects of RAP on cell death may have been slow enough that significant cell drop-out did not occur within 24 h. In separate experiment, we determined that the number of ED-1 positive cells was not increased in RAP-treated nerves (data not shown), suggesting that RAP does not regulate macrophage recruitment.
The mechanism by which RAP regulates Schwann cell survival in vivo remains to be determined. There is considerable evidence that ligands regulate LRP-1-dependent signaling either by inducing LRP-1 homodimers or by cross-linking LRP-1 to other signaling receptors, such as the urokinase receptor (Bacskai et al., 2000; Webb et al., 2001; Hu et al., 2006) . The mode of action of RAP probably involves disruption these interactions.
Our results indicating that LRP-1 is upregulated by TNF-␣ and that LRP-1 then counteracts the death-promoting effects of TNF-␣ may seem paradoxical; however, it is possible that LRP-1 functions as a negative-feedback switch, counteracting TNF-␣ in a time-dependent manner. It is also possible that LRP-1 endows Schwann cells with relative resistance to TNF-␣ in the dynamic multicellular microenvironment of the injured peripheral nerve. Finally, given the pleiotropic nature of TNF-␣, it is possible that LRP-1 regulates how the cell responds to this cytokine, dampening certain cell-signaling responses without affecting others. These possibilities are topics for future study.
In conclusion, we have shown that LRP-1 is expressed in the peripheral nervous system and abundantly in Schwann cells in nerve injury. LRP-1 expression is increased by TNF-␣ in vitro and in vivo. These results are particularly important in light of our data supporting the hypothesis that LRP-1 is a pro-survival receptor in Schwann cells. This activity is at least partially explained by the ability of LRP-1 to regulate cell signaling pathways that lead to the activation of PI3K.
